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Edited by Stuart FergusonAbstract Nitrogenase activity in the photosynthetic bacterium
Rhodospirillum rubrum is reversibly regulated by ADP-ribosyla-
tion of a speciﬁc arginine residue of dinitrogenase reductase
based on the cellular nitrogen or energy status. In this paper,
we have investigated the ability of nicotinamide adenine dinucle-
otide, NAD (the physiological ADP-ribose donor), and its ana-
logs to support covalent modiﬁcation of dinitrogenase
reductase in vitro. R. rubrum dinitrogenase reductase can be
modiﬁed by DRAT in the presence of 2 mM NAD, but not with
2 mM nicotinamide mononucleotide (NMN) or nicotinamide
adenine dinucleotide phosphate (NADP). We also found that
the apo- and the all-ferrous forms of R. rubrum dinitrogenase
reductase are not substrates for covalent modiﬁcation. In con-
trast, Azotobacter vinelandii dinitrogenase reductase can be
modiﬁed by the dinitrogenase reductase ADP-ribosyl transferase
(DRAT) in vitro in the presence of either 2 mM NAD, NMN or
NADP as nucleotide donors. We found that: (1) a simple ribose
sugar in the modiﬁcation site of the A. vinelandii dinitrogenase
reductase is suﬃcient to inactivate the enzyme, (2) phospho-
ADP-ribose is the modifying unit in the NADP-modiﬁed
enzyme, and (3) the NMN-modiﬁed enzyme carries two ribose-
phosphate units in one modiﬁcation site. This is the ﬁrst report
of NADP- or NMN-dependent modiﬁcation of a target protein
by an ADP-ribosyl transferase.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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The reduction of dinitrogen (N2) to ammonia is catalyzed by
the nitrogenase enzyme, which is composed of two metallopro-
teins: dinitrogenase (MoFe protein) and dinitrogenase reduc-
tase (Fe protein) [1,2]. Dinitrogenase reductase is the
obligate electron donor to dinitrogenase, which contains the
active site and catalyzes the reduction of N2 to ammonium.
Since this reaction is an energy demanding process consuming
at least 16 ATP molecules for each molecule of N2 reduced,
nitrogen ﬁxation is tightly regulated in response to a number
of environmental factors.
In the nitrogen-ﬁxing, photosynthetic, facultative anaerobe
Rhodospirillum rubrum, nitrogenase can be rapidly inactivated
by covalent modiﬁcation of dinitrogenase reductase [3–6]. The
phenomenon, known as switch-oﬀ, occurs when a source of
ﬁxed nitrogen (e.g. ammonium or glutamine) is added to cells
which are actively ﬁxing N2, or when N2-ﬁxing cells are trans-
ferred from the light to darkness [7]. The covalent modiﬁcation
of dinitrogenase reductase is a reversible process that involves
the ADP-ribosylation of a speciﬁc arginine residue in one of
the two subunits of dinitrogenase reductase (Arg101 in the
R. rubrum protein) [8,9]. This ADP-ribosylation prevents the
productive association of dinitrogenase reductase with dinitro-
genase such that neither electron transfer nor ATP hydrolysis
can occur [10]. Dinitrogenase reductase ADP-ribosyl transfer-
ase (DRAT) is a 30-kDa monomeric protein that transfers
ADP-ribose from nicotinamide adenine dinucleotide (NAD)
to dinitrogenase reductase in response to darkness or the pres-
ence of ammonium [11]. The removal of the ADP-ribose group
is catalyzed by dinitrogenase reductase-activating glycohydro-
lase (DRAG) in response to the presence of light or upon
exhaustion of ﬁxed nitrogen in the medium [12]. DRAG is a
32-kDa monomeric enzyme with a binuclear manganese cen-
ter, which is capable of cleaving the N-glycosidic bond of
ADP-ribosylarginine from inactivated dinitrogenase reductase
to restore active dinitrogenase reductase with an intact Arg101
side chain. The exact mode of DRAG or DRAT binding to
dinitrogenase reductase has not yet been resolved [13].
ADP-ribosylation reactions are catalyzed by a number of
prokaryotic and eukaryotic systems [14]. Among the most stud-
ied are the ADP-ribosylation reactions performed by the chol-
era toxin, pertussis toxin, and diphtheria toxin [15–17]. All of
these toxins are highly speciﬁc for b-NAD as nucleotide donor
but are also able to catalyze hydrolysis of a-NAD at detectable
rates in the absence of an ADP-ribose protein acceptor. Because
nicotinamide adenine dinucleotide phosphate (NADP)-depen-ation of European Biochemical Societies.
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reasonable event, the nucleotide speciﬁcity of the toxins has
been examined, and it has been repeatedly shown that neither
NADP nor nicotinamide mononucleotide (NMN) can serve
as donors [18,19]. In contrast, DRAT exhibits less nucleotide
speciﬁcity and it has been shown that, besides NAD, nicotin-
amide guanine dinucleotide or nicotinamide hypoxanthine
dinucleotide support modiﬁcation of dinitrogenase reductase
by DRAT [8].
In this paper, we report a comparative study of NAD-,
NADP-, and NMN-modiﬁed/demodiﬁed dinitrogenase reduc-
tases fromAzotobacter vinelandii andR. rubrum, which includes
eﬀects on electron transfer to dinitrogenase and determination
of the possible modiﬁed species by mass-spectrometry analyses.
In addition, the all-ferrous and apo forms of R. rubrum dinitro-
genase reductase are shown not to be substrates for DRAT-di-
rected ADP-ribosylation, further supporting the model in
which the redox-dependent conformation of dinitrogenase
reductase is a relevant parameter to the switch-oﬀ reaction [13].O
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O
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Fig. 1. Structures of nucleotides relevant to this work. NAD is
nicotinamide adenine dinucleotide, NADP is nicotinamide adenine
dinucleotide phosphate and NMN is nicotinamide mononucleotide.
Other nucleotides used are: NADH, reduced form of nicotinamide
adenine dinucleotide; NADPH, reduced form of nicotinamide adenine
dinucleotide phosphate; NAAD, nicotinic acid adenine dinucleotide;
NAADPH, reduced form of nicotinic acid adenine dinucleotide
phosphate; AcetoPDN, aceto pyridine dinucleotide; and AminoPDN,
amino pyridine dinucleotide.2. Materials and methods
2.1. Materials
NAD, NMN, NADP, nicotinic acid adenine dinucleotide (NAAD),
reduced form of nicotinamide adenine dinucleotide (NADH), reduced
form of nicotinamide adenine dinucleotide phosphate (NADPH), and
other nucleotides were purchased from Sigma (St. Louis, USA)
(Fig. 1). All the nucleotides used in the following experiments were
98% pure. All other chemicals and solvents were of reagent grade from
Sigma.
2.2. Protein puriﬁcation
The non-ADP-ribosylated form of dinitrogenase reductase was puri-
ﬁed under anaerobic conditions from R. rubrum strain UR212 as pre-
viously described [20]. Dinitrogenase reductase from wild-type strain
A. vinelandii OP was puriﬁed using procedures described by Shah
and Brill [21].
DRATwas puriﬁed fromR. rubrum strain UR356 that contains draT
and draG genes under the regulation of a nifH promoter to achieve a
300-fold overexpression. One hundred grams of frozen cell paste was
thawed in 100 ml of breaking buﬀer containing 100 mM MOPS (pH
8.0), 1 mM ADP, 1 mM dithiothreitol (DTT), 50 lM of EDTA, 20%
glycerol, 1.0 mg of lysozyme, 1.0 mg of DNase, and 0.1 mg of RNase.
The suspended cells were broken by French Press and the membrane
fraction removed by centrifugation at 19000 · g for 16 h. The superna-
tant was then processed for further column chromatography puriﬁca-
tion steps according to Grunwald and Ludden [20].
DRAGwas puriﬁed fromR. rubrum strainUR276 that contains draG
gene under the control of a nifH promoter. Approximately 250 g of fro-
zen cell paste was suspended in 250 ml of breaking buﬀer containing
20 mMMOPS, 1 mgDNase, 1 mgRNase, and 5 mg lysozyme. The cells
were broken by French Press and centrifuged at 19000 · g for 16 h. The
resulting pellets were suspended in 50 mM MOPS buﬀer (pH 7.8) con-
taining 500 mM NaCl and were homogenized to release DRAG from
the membranous fraction. The suspension was centrifuged again at
19000 · g for 18 h at 4 C to remove membranes, and the supernatant
containing DRAG was concentrated using an Amicon concentrator
equipped with YM-10 membrane. DRAG was further puriﬁed by col-
umn chromatography as described previously [22].2.3. Preparation of R. rubrum apo-dinitrogenase reductase
We refer to apo-dinitrogenase reductase as a form of dinitrogenase
reductase lacking the [Fe4S4] cluster. Apo-dinitrogenase reductase
was prepared in vitro according to a published procedure [23]. To con-
ﬁrm the complete conversion of holo-form to apo-form, the apo-dini-
trogenase reductase was tested for its ability to transfer electrons to
dinitrogenase in an in vitro acetylene reduction assay and shown to
contain no substrate reduction ability.2.4. Reduction of R. rubrum dinitrogenase reductase to the all-ferrous
form
Reduction of dinitrogenase reductase to the [Fe4S4]
0 oxidation state
was performed inside a Vacuum Atmospheres glove box according to
Angove et al. [24] with modiﬁcations. The puriﬁed dinitrogenase reduc-
tase of R. rubrum was concentrated to 70 mg/ml using a Centricon-30
device (Amicon, MA). Sodium dithionite (DTH) was removed from
the dinitrogenase reductase solution by using an anaerobic Sephadex
G-25 column. Freshly prepared Ti(III)citrate was added to give a ﬁnal
concentration of 15 mM [25,26]. The excess Ti(III)citrate was removed
by passing dinitrogenase reductase through a Sephadex G-50 column.
The column was equilibrated and eluted with 50 mM Tris–HCl (pH
8.0) containing 50 mM NaCl. The resultant pale-pink all-ferrous dini-
trogenase reductase was tested for activity and UV absorbance spec-
trum as described previously [24,26].
2.5. Oxidation of the all-ferrous dinitrogenase reductase from R. rubrum
The all-ferrous form of dinitrogenase reductase was oxidized with
indigocarmine according to Ashby and Thorneley [27] with modiﬁca-
tions. Inside an anaerobic glove box, a 2-ml AG1-X8 Dowex column
(BioRad) was carefully poured on top of a small layer of G-25 Sepha-
dex resin (0.2 ml; Amersham Biosciences). One ml of 20 mM oxidized
indigocarmine was applied to the column that was then equilibrated
with 20 volumes of anaerobic 50 mM MOPS buﬀer (pH 7.8). Dinitro-
genase reductase (5 mg) was then loaded into the column and eluted in
equilibration buﬀer. The white color of the G-25 layer of the column
allowed visualization of the brown dinitrogenase reductase band elut-
ing from the column. Indigo carmine-oxidized dinitrogenase reductase
was found to be 95% active upon subsequent reduction by DTH.
Fig. 2. NAD-, NMN-, NADP-, and NAAD-dependent modiﬁcation
and demodiﬁcation of A. vinelandii dinitrogenase reductase. Low-
crosslinker SDS–PAGE showing the modiﬁcation and demodiﬁcation
of A. vinelandii dinitrogenase reductase with various donor nucleo-
tides. Lanes 1, 3, 5, and 7 represent the DRAT catalyzed modiﬁcation
reaction with NAD, NMN, NADP, and NAAD, respectively. Lanes 2,
4, 6, and 8 represent the subsequent DRAG-catalyzed demodiﬁcation
reaction of proteins used in lanes 1, 3, 5, and 7. Lane 9 is a control
containing non-modiﬁed dinitrogenase reductase. Gel was stained with
Coomassie blue.
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ADP-ribosylation (modiﬁcation) reactions were carried out in
microcentrifuge tubes inside stoppered glass serum vials according to
Lowery et al. [28]. The modiﬁcation reaction mixture in the microfuge
tube contained 2 mM NAD (or a NAD analog), 1.25 mM ADP, 5 mM
MgCl2, 1.5 lg DRAT, and 9 lg of dinitrogenase reductase in a total
volume of 0.5 ml. Reaction mixtures were incubated at 30 C for
30 min. Samples were taken for acetylene reduction activity assays
and demodiﬁcation reactions. The modiﬁcation reaction was arrested
by SDS sample buﬀer, and the pattern of modiﬁcation was analyzed
by 10% low-crosslinker SDS–polyacrylamide gel electrophoresis as de-
scribed [7].
The standard demodiﬁcation reaction was conducted in a volume of
0.5 ml in anaerobic vials as previously described [13]. The demodiﬁca-
tion reaction mixtures contain 0.3 lg DRAG, 5 mM ATP, 25 mM
phosphocreatine, 50 lg of creatine phosphokinase, 25 mM MgCl2,
0.5 mM MnCl2, 10 mM DTH, and 40 lg of modiﬁed dinitrogenase
reductase. After demodiﬁcation, samples were taken for acetylene
reduction assays and processed according to Halbleib et al. [13]. The
remaining of the reaction mixture was arrested by the addition of
SDS sample buﬀer [29], and 20 ll samples were loaded onto a 10%
low-crosslinker SDS–polyacrylamide gel and subjected to electropho-
resis.
2.7. Preparation of ribosylated A. vinelandii dinitrogenase reductase
The ribosylated form of dinitrogenase reductase was prepared in two
steps. A. vinelandii dinitrogenase reductase was ﬁrst modiﬁed using
NMN as donor molecule in a standard modiﬁcation reaction. Then,
the phosphate group of the ribose-phosphate moiety was cleaved by
incubating 40 lg of modiﬁed dinitrogenase reductase with 10 lg of
alkaline phosphatase in 1 ml of 0.2 M glycine–NaOH buﬀer (pH 9.0)
supplemented with 20 mM MgCl2. The reaction mixture was left at
room temperature for 15 min and the alkaline phosphatase was re-
moved by chromatography on a Sephadex G-75 column equilibrated
with 0.1 M MOPS (pH 7.8), 1.7 mM DTH, and 0.1 M NaCl. The frac-
tions containing dinitrogenase reductase were pooled and concentrated
in an Amicon cell.
2.8. Activity assays
Dinitrogenase reductase activity was quantiﬁed by the in vitro acet-
ylene reduction assay [30]. DRAG activity was monitored by coupling
to the acetylene reduction activity of nitrogenase following cleavage of
the ADP-ribose group from dinitrogenase reductase [12,13]. One unit
of nitrogenase activity is deﬁned as one nmol of ethylene produced
per minute.
2.9. Mass spectrometry
The molecular masses of the modiﬁed and unmodiﬁed dinitrogenase
reductase forms were determined by Matrix-Assisted Laser Desorption
Ionization-Time-of-Flight mass spectrometry (MALDI-TOF) at the
Mass Spectrometry and Bioanalytical Facility, University of Wiscon-
sin-Madison. Modiﬁcation of A. vinelandii dinitrogenase reductase
by NAD and its analogs was carried out as described above. Analysis
was conducted in a Bruker Biﬂex spectrometer (Bruker-Franzen, MA)
run in linear positive mode at an acceleration voltage of 20 kV. Both
internal and external calibrations were used to establish the mass range
with cytochrome c as standard.
Phosphoribosylated dinitrogenase reductase was analyzed through
Electrospray Mass Spectrometry (ESI-MS) at the Mass Spectrometry
and Bioanalytical Facility, University of Wisconsin-Madison. Analysis
was conducted in a quadruple-orthogonal acceleration TOF mass
spectrometer (Micromass, Manchester, UK).3. Results
3.1. Eﬀect of NAD, NMN, NADP, and NAAD on the
modiﬁcation of A. vinelandii and R. rubrum dinitrogenase
reductases
The ability of NAD, NMN, NADP, and NAAD to function
as donor molecules in the DRAT-catalyzed modiﬁcation of A.
vinelandii dinitrogenase reductase was tested (Fig. 2, lanes 1, 3,5, and 7). As previously reported, DRAT was able to modify
one of the subunits of A. vinelandii dinitrogenase reductase di-
mer using NAD as nucleotide donor (lane 1). The modiﬁed
(upper) and unmodiﬁed (lower) bands are seen in an approxi-
mately 1:1 ratio in the NAD-dependent assay indicating the
reaction proceeded to completion. Modiﬁcation also occurred
in reactions in which NMN or NADP was used as nucleotide
donors (lanes 3 and 5), although the ratio of modiﬁed to
unmodiﬁed bands seems to be smaller than 1. No signiﬁcant
modiﬁcation was observed with NAAD as donor (lane 7).
We also tested the ability of DRAG to cleave the modifying
group resulting from the NAD-, NADP- or NMN-dependent
modiﬁcation of dinitrogenase reductase, and observed that in
all cases DRAG was able to demodify dinitrogenase reductase
(Fig. 2, lanes 2, 4, and 6).
The ADP-ribosylation of dinitrogenase reductase prevents
protein docking and electron transfer between dinitrogenase
reductase and dinitrogenase [10]. The possible eﬀect of
NAD-, NMN-, and NADP-dependent modiﬁcation of A. vin-
elandii dinitrogenase reductase on its electron transfer ability
to dinitrogenase was therefore tested here (Table 1). When
NAD was used as donor of ADP-ribose a complete loss of
nitrogenase activity is observed, suggesting the occurrence of
complete ADP-ribosylation. Most of dinitrogenase reductase
activity (83% of the original activity) is subsequently recovered
upon DRAG treatment. The small loss in dinitrogenase reduc-
tase activity is probably due to an incomplete demodiﬁcation
reaction because a control reaction (with no nucleotide donor)
shows no loss of activity through the modiﬁcation/demodiﬁca-
tion process. When NMN is used as the donor, it is expected
that the modifying group will consist of ribose-phosphate,
which is comparatively smaller than the ADP-ribose group.
The results shown in Table 1 indicate a loss of more than
97% of electron transfer activity of dinitrogenase reductase
upon DRAT treatment and the recovery of 75% of activity
upon subsequent DRAG treatment. Similar numbers were ob-
served when NADP was used as the nucleotide donor. In con-
trast, when NAD analogs with modiﬁed nicotinamide moieties
such as NADH, NADPH, NAAD, reduced form of nicotinic
acid adenine dinucleotide phosphate (NAADPH), acetopyri-
dine dinucleotide, and aminopyridine dinucleotide were used,
Table 1
Eﬀect of DRAT-dependent modiﬁcation by NAD and its analogs on the activity of A. vinelandii dinitrogenase reductase
Nucleotide donor
(2 mM)
Dinitrogenase reductase activity
after DRAT treatment (%)a
Modiﬁcation observed
on SDS–PAGE
Dinitrogenase reductase activity
after DRAG treatment (%)
NAD <1 Yes 83
No nucleotide 100 No 100
NADP 3 Yes 71
NMN 3 Yes 76
NADH 87 No 87
NADPH 92 No 90
NAAD 96 No 95
NAADPH 90 No 87
AcetoPDN 94 No 91
AminoPDN 94 No 96
ATP 89 No 90
ADP 92 No 95
AMP 95 No 96
GTP 96 No 92
GMP 92 No 92
Ribose 96 No 92
Ribosephosphate 92 No 91
ADPribose 98 No 93
aModiﬁcation and demodiﬁcation reaction mixtures and reactions are described in Section 2. Samples were taken to determine dinitrogenase
reductase activity by in vitro acetylene reduction assay. The speciﬁc activity of the dinitrogenase reductase taken as 100% is 1495 nmol/min/mg of
protein. Values presented here are the average of three independent experiments.
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(Table 1). This gives us strong evidence that nucleotides altered
in the nicotinamide portion cannot support covalent modiﬁca-
tion of dinitrogenase reductase. This fact was further strength-
ened when nucleotides containing no nicotinamide moiety
were shown not to support the covalent modiﬁcation of dini-
trogenase reductase (Table 1). Moreover, sugars such as ri-
bose, ribose-phosphate, and ADP-ribose are also unable to
participate in the modiﬁcation mechanism (Table 1).
As shown above, NMN is a good substrate for the covalent
modiﬁcation of A. vinelandii dinitrogenase reductase, possibly
yielding an inactive phosphoribosylated form of the enzyme.
To determine the smallest modifying unit required to disrupt
electron transfer between dinitrogenase reductase and dinitro-
genase, we measured the electron transfer capacity when phos-
phate was removed from the phosphoribosylated form of
dinitrogenase reductase by alkaline phosphatase treatment.
The results shown in Table 2 clearly indicate that removal of
the phosphate group of phosphoribosylated dinitrogenaseTable 2
Determination of the minimal modifying unit required to disrupt
electron transfer ability of A. vinelandii dinitrogenase reductase
Modiﬁed form of
dinitrogenase reductasea
Activity (%)b Activity after subsequent
DRAG treatment
Phosphoribosylated 3 75
Ribosylated 4 78
ADPribosylated <1 83
aModiﬁcation and demodiﬁcation reaction mixtures and reactions are
described in Section 2. Phosphoribosylated and ADPribosylated
dinitrogenase reductases are obtained after NMN- and NAD-depen-
dent modiﬁcation reactions, respectively. The ribosylated form is ob-
tained after modiﬁcation using NMN as ribose-phosphate donor and
cleavage of the phosphate group by treatment with alkaline phos-
phatase.
bSamples were taken to determine dinitrogenase reductase activity by
in vitro acetylene reduction assay. The speciﬁc activity of the dinitro-
genase reductase taken as 100% is 1265 nmol/min/mg of protein.
Values presented here are the average of three independent experi-
ments.reductase does not allow dinitrogenase reductase to regain
electron transfer activity. This suggests that a simple ribose su-
gar in the modiﬁcation site of dinitrogenase reductase is suﬃ-
cient to block the association of dinitrogenase reductase and
dinitrogenase, thus inactivating the enzyme complex. It is also
noteworthy that DRAG was able to demodify both phosphor-
ibosylated and ribosylated forms of dinitrogenase reductase to
retrieve 75% of the original activity (Table 2).
Since NMN and NADP were found to be donor molecules
in the DRAT-catalyzed modiﬁcation of A. vinelandii dinitro-
genase reductase, these nucleotides were also tested with the
natural DRAT substrate, the R. rubrum dinitrogenase reduc-
tase. As illustrated in Fig. 3, NMN, NADP, and NAAD failed
to serve as nucleotide donors whereas the positive control,
NAD, did modify dinitrogenase reductase (Fig. 3, compare
lane 2 to lanes 3, 4, and 5). However, a small amount of theFig. 3. NAD-, NMN-, NADP-, and NAAD-dependent modiﬁcation
of R. rubrum dinitrogenase reductase. Low-crosslinker SDS–PAGE
showing the modiﬁcation of R. rubrum dinitrogenase reductase with
various donor nucleotides. Lane 1, no nucleotide added; lane 2, NAD;
lane 3, NMN; lane 4, NADP; and lane 5, NAAD. Gel was stained with
Coomassie blue.
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when higher levels of NMN (20 mM) were used in the assay,
although the modiﬁcation at this concentration of NMN seems
to be DRAT-independent (data not shown).
3.2. Mass-spectrometric analyses of NAD-, NMN-, and NADP-
modiﬁed dinitrogenase reductase
MALDI-TOF was used to gain insight into the nature of the
modiﬁcation of A. vinelandii dinitrogenase reductase by NAD,
NMN, or NADP. MALDI-MS and ESI-MS are among the
most suitable mass-spectrometric techniques for the analysis
of post-translational modiﬁcation in macromolecules [31,32].
The masses of the unmodiﬁed and the NAD-, NADP-, and
NMN-dependent modiﬁed forms of dinitrogenase reductase
were determined by MALDI-mass spectra and compared to
the expected (calculated) masses of dinitrogenase reductase
modiﬁed by ADP-ribose, phosphoADP-ribose, and ribose-
phosphate, respectively (Table 3). The subunits of the unmod-
iﬁed dinitrogenase reductase exhibit a mass of 31436 Da.
When NAD is used as donor, we observe a change of
499 Da in one of the subunits of dinitrogenase reductase, while
the other subunit remains unmodiﬁed. The expected diﬀerence
in mass due to the addition of an ADP-ribose moiety would be
541 Da. The mass determined by MALDI for the ADPribosy-
lated dinitrogenase reductase (31953 Da) is somewhat lower
than the expected mass (31996 Da), leading us to speculate
that the terminal methionine residue or other residues might
have been modiﬁed/removed during the analysis. In contrast,
the modiﬁcation of dinitrogenase reductase with NADP to
yield the phosphoADP-ribosylated dinitrogenase reductase
produced the expected mass change (620 Da) corresponding
to phosphoADP-ribosylation of one subunit of dinitrogenase
reductase (see Table 3).
The NMN-dependent modiﬁcation of dinitrogenase reduc-
tase showed amore complexMALDI-MSpattern inwhich three
mass peaks were observed at 31380 Da (unmodiﬁed subunit),
31583 Da (modiﬁed subunit), and 31778 Da (another type of
modiﬁed subunit, see below). The mass diﬀerences between the
unmodiﬁed subunit and the observed two types ofmodiﬁed sub-
units were 203 and 398 Da, respectively (Table 3). A single
NMN-dependent modiﬁcation at the Arg101 residue of A. vine-
landii dinitrogenase reductase would result in a mass increment
of 209 Da (corresponding to the ribose-phosphate moiety of
NMN). Thus, the observedmass diﬀerences suggest the presence
of dinitrogenase reductase subunits with one and two ribose-
phosphate units attached. The ﬁrst type of subunit (31583 Da)
would correspond to the formmodiﬁed by a single ribose-phos-
phate unit, and the second one (31778 Da) would correspond to
the form modiﬁed by two ribose-phosphate units.
The levels of dinitrogenase reductase modiﬁed by two ri-
bose-phosphate molecules (31778 Da) were much lower thanTable 3
MALDI-MS analysis of A. vinelandii dinitrogenase reductase modiﬁed by D
Donor molecule
for modiﬁcation
Observed mass of the unmodiﬁed
subunit of dinitrogenase reductase
Observed m
subunit of
No nucleotide 31436 Not observ
NAD 31454 31953
NMN 31380 31583
31778
NADP 31453 32072the levels of the enzyme modiﬁed by one molecule of ribose-
phosphate (31583 Da) (MALDI-MS spectrum not shown).
Thus, it is possible that the peak corresponding to the single
ribose-phosphate modiﬁcation was an intermediate species
during the NMN-dependent modiﬁcation of dinitrogenase
reductase. Consistently with the MALDI-MS results, ESI-
MS analysis yielded three mass values: a major peak at
31391 Da corresponding to the unmodiﬁed dinitrogenase
reductase subunit, a second peak at 31603 Da corresponding
to the phosphoribosylated dinitrogenase reductase subunit,
and a third peak at 31834 Da, which we presume to be the re-
sult of the second ribose-phosphate unit that is attached to
dinitrogenase reductase. In conclusion, the results presented
here are consistent with phosphoADP-ribose being the modiﬁ-
cation unit donated by NADP, and one or two ribose-
phosphate molecules being the modiﬁcation units of the
NMN-modiﬁed dinitrogenase reductase.
3.3. All-ferrous form of R. rubrum dinitrogenase reductase
cannot support covalent modiﬁcation
The discovery of the all-ferrous state of the dinitrogenase
reductase protein ([Fe4S4]
0) suggested the possibility of a new
mechanism for the operation of the nitrogenase complex
[24,33,34]. Indeed, using Ti(III)citrate in the range of 5–
7 mM as reductant of dinitrogenase reductase, the ATP utiliza-
tion per electron pair transferred from dinitrogenase reductase
to dinitrogenase decreases from 4–5 ATP/2e to values near 2
ATP/2e [26]. This behavior was proposed to arise from opera-
tion of the [Fe4S4]
2+/[Fe4S4]
0 redox couple, and has been sug-
gested to have in vivo physiological relevance. If this is the
case, then it is interesting to investigate whether the [Fe4S4]
0
state of R. rubrum dinitrogenase reductase is susceptible to
ADP-ribosylation by DRAT.
We have generated the all-ferrous state of R. rubrum dinitro-
genase reductase in vitro. The formation of the all-ferrous state
was easily recognized by the appearance of a dark pink color
from the native brown color. This color change corresponds
to the appearance of a new spectral feature with a peak at
525 nm and a molar extinction coeﬃcient (e525) of
3703 M1 cm1 (Fig. 4). This spectral feature has also been ob-
served in the [Fe4S4]
0 state of A. vinelandii dinitrogenase reduc-
tase [24]. However, the overall decrease in absorbance in the
visible region observed in the [Fe4S4]
0 state of A. vinelandii
dinitrogenase reductase was not observed here with the R. ru-
brum enzyme.
We have investigated DRAT-directed ADP-ribosylation of
dinitrogenase reductase at diﬀerent redox states, including
the all-ferrous state (Fig. 5). The presence of Ti(III)citrate in
the all-ferrous protein reaction mixture retains and stabilizes
the protein in the [Fe4S4]
0 state, thereby reducing the possibil-
ity of forming a mixed species of [Fe4S4]
0 and [Fe4S4]
+1 states.RAT in the presence of NAD-, NMN-, or NADP
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Fig. 4. UV–Vis spectra of reduced R. rubrum dinitrogenase reductase.
(A) Ti(III)citrate-reduced all-ferrous [Fe4S4]
0 R. rubrum dinitrogenase
reductase and (B) dithionite-reduced [Fe4S4]
1+ R. rubrum dinitrogenase
reductase.
Fig. 5. SDS–PAGE illustrating the eﬀect of the [Fe4S4] cluster redox
state on DRAT ability to ADP-ribosylate R. rubrum dinitrogenase
reductase. The modiﬁcation reaction mixtures are described in Section
2. Lane 1, indigo carmine-oxidized dinitrogenase reductase; lane 2,
DTH-reduced dinitrogenase reductase; lane 3, Ti(III)citrate-reduced
(all-ferrous) dinitrogenase reductase; lane 4, apo-dinitrogenase reduc-
tase ([Fe4S4] cluster-deﬁcient); and lane 5, air-oxidized dinitrogenase
reductase. Lane 6 is a control containing non-modiﬁed dinitrogenase
reductase.
5756 R.K. Ponnuraj et al. / FEBS Letters 579 (2005) 5751–5758Therefore, a previous control experiment was conducted to en-
sure that Ti(III)citrate does not reduce NAD and thus does not
aﬀect ADP-ribosylation (data not shown). As illustrated in
Fig. 5, DRAT is able to modify dinitrogenase reductase pres-
ent as a mixture of [Fe4S4]
2+/1+ states (lane 1). The indigocar-
mine-oxidized dinitrogenase reductase ([Fe4S4]
2+ form) is a
better substrate for ADP-ribosylation than the reduced form
(compare lanes 1 and 2 in Fig. 5). No modiﬁcation was ob-
served with the [Fe4S4]
0 form of dinitrogenase reductase
(Fig. 5, lane 3), suggesting that this form cannot support
ADP-ribosylation. It has been previously noted that the
[Fe4S4]
1+ state of dinitrogenase reductase is a poor substrate
for covalent modiﬁcation [13]. The results shown here also
indicate that the super-reduced [Fe4S4]
0 form is not a substrate
at all. Hence, it seems that the redox-dependent conformation
of dinitrogenase reductase is somehow recognized during the
modiﬁcation reaction. Curiously, the 3-dimensional molecular
structure of the all-ferrous form of dinitrogenase reductase has
been found to be remarkably similar to the structure of the
protein in the (presumed) [Fe4S4]
+1 state [34].
Two other forms of R. rubrum dinitrogenase reductase were
tested for ADP-ribosylation: (i) in vitro generated [Fe4S4] clus-
ter-deﬁcient apo-dinitrogenase reductase and (ii) air-oxidized
dinitrogenase reductase. None of these forms supported cova-
lent modiﬁcation, as expected (Fig. 5, lanes 4 and 5, respec-tively). This has also been observed with A. vinelandii
apo-dinitrogenase reductase [35], and it demonstrates that
the presence of [Fe4S4] cluster is critical to ADP-ribosylation
of dinitrogenase reductase. In the future work, it will be impor-
tant to determine whether the [Fe4S4]
0 state of the A. vinelandii
dinitrogenase reductase is also resistant to modiﬁcation by
ADP-ribosylation.4. Discussion
In this paper, we report the NADP- and NMN-dependent
modiﬁcations of dinitrogenase reductase by DRAT. In vitro
treatment of A. vinelandii dinitrogenase reductase with DRAT
in the presence of NADP or NMN resulted in altered electro-
phoretic migration on SDS gels of approximately 50% of the
subunits of the dinitrogenase reductase dimer. This result is
consistent with the modiﬁcation of one of the subunits of the
dimer, as is observed for the NAD-dependent ADP-ribosyla-
tion of dinitrogenase reductase [28,36]. The NADP- and
NMN-dependent modiﬁcations also resulted in the loss of abil-
ity of dinitrogenase reductase to transfer electrons to its elec-
tron acceptor, dinitrogenase. This loss of activity was
reversible upon treatment with DRAG, indicating that the en-
zyme responsible for removal of ADP-ribose is also capable of
removing the modiﬁcations resulting from NADP- and NMN-
dependent treatment.
The predicted adducts to dinitrogenase reductase arising
from its NADP- and NMN-dependent modiﬁcations by
DRAT are phosphoADP-ribose and ribose-phosphate, respec-
tively. The mass spectral data presented here are clearly
supportive of this hypothesis. The NMN-dependent modiﬁca-
tion suggests that one of the subunits of dinitrogenase reduc-
tase can be modiﬁed by either one or two units of ribose
phosphate. Our hypothesis is that one ribose phosphate group
is directly bound to Arg101 and the second ribose phosphate
group is added to the ﬁrst ribose phosphate, but we cannot ex-
clude the existence of a second site for NMN-dependent mod-
iﬁcation within dinitrogenase reductase. The NMN-modiﬁed
dinitrogenase reductase exhibit very low activity (3% of the
unmodiﬁed control) indicating that both the single and the
double modiﬁed forms are inactive. The mass spectral analysis
precludes the interpretation that the NADP and NMN used in
these experiments might have contained suﬃcient contaminat-
ing NAD to allow modiﬁcation.
NAD-dependent ADP-ribosylation of proteins is wide-
spread in nature [14] but, to our knowledge, there are no re-
ports of NADP- or NMN-dependent modiﬁcation of target
proteins by ADP-ribosyl transferases other than DRAT. Hilz
[37] reported the non-enzymatic incorporation of phospho-
ADP-ribose into proteins of mitochondrial extracts and pre-
dicted the existence of phosphoADP-ribosylation of proteins,
but this prediction has remained unfulﬁlled until now. DRAT
thus diﬀers from other ADP-ribosyl transferases in two impor-
tant ways. First, unlike the toxins, DRAT catalyzes no detect-
able NAD hydrolysis in the absence of a target protein [8].
Second, DRAT appears to be less speciﬁc for NAD as a donor
molecule than other transferases. The amino acid sequence of
DRAT contains signiﬁcant similarity to the other members of
the ADP-ribosyl transferase family, especially in the NAD-
binding domains [38], but it is not yet possible to identify re-
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diﬀerences noted here.
Dinitrogenase reductases from A. vinelandii and R. rubrum
diﬀer dramatically in their ability to be modiﬁed in vitro by
DRAT with NADP or NMN as donors. The weak NMN-
dependent modiﬁcation of R. rubrum dinitrogenase reductase
and the inability to observe any NADP-dependent modiﬁca-
tion likely reﬂect low aﬃnity of the DRAT:dinitrogenase com-
plex for these NAD analogs. It remains to be established
whether NADP- and NMN-dependent modiﬁcations of dini-
trogenase reductase have physiological signiﬁcance. Interest-
ingly, it has been shown that the addition of NMN to
N2-ﬁxing R. rubrum cultures produces inhibition of nitroge-
nase activity in vivo [39].
Finally, we have shown that Fe–S cluster-deﬁcient apo-dini-
trogenase reductases from A. vinelandii [20] or R. rubrum (this
study) are not substrates for covalent modiﬁcation. In addition,
the all-ferrous form of dinitrogenase reductase from R. rubrum
was produced and found not to be a substrate for ADP-ribosyl-
ation. The structure of the all-ferrous form of the A. vinelandii
dinitrogenase reductase was recently presented [34] and shown
to be signiﬁcantly similar to the structure presented by Georgia-
dis et al. [40]. Although not deﬁnitive, it has been presumed that
the Georgiadis structure is the form that can be modiﬁed by
DRAT; the lack of signiﬁcant structural diﬀerences from the
all-ferrous form indicates thatDRAT recognizes very subtle dif-
ferences in the structure of dinitrogenase reductase.
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